This study presents an approach for the fatigue stress spectrum simulation of short-span bridges under the dynamic impacts of stochastic traffic loading. This approach is utilised to evaluate the fatigue reliability of existing bridges. Response functions defined by intervals are used to approximate the equivalent fatigue stress range of the bridge. Probability models of the fatigue stress ranges are evaluated with Gaussian mixture models. The effectiveness of the proposed method is validated via a case study of a simply supported bridge. The numerical results indicate that the impact effect of vehicle loads on short-span bridge leads to an obvious increase in both the stress range and the number of stress cycles. Both the degradation of the road surface roughness condition and the traffic growth lead to a significant decrease in the fatigue reliability.
Introduction
With the rapid development of the global economy and transportation market, traffic loads on highway bridges are growing continuously. As a result, the bridge fatigue issue under heavy traffic loading has attracted researchers' attention (Guo and Chen, 2013; Ye et al., 2014) . In addition to the bridge fatigue damage caused by passing vehicles, the dynamic effects due to the vehicle-bridge interaction on short-span bridges leads to more fatigue damage accumulation (Deng et al., 2014) . Since the traffic load is random in nature, fatigue reliability evaluation of short-span bridges accounting for stochastic dynamics deserves investigation.
An accurate fatigue stress spectrum is essential for fatigue damage evaluation of existing bridges. In addition to the structural health monitoring system (SHMS) (Chen et al., 2011a; Chen et al., 2011b) , numerical simulation based on actual traffic data is an alternative approach. The bridge fatigue stress spectrum estimated via finite element analysis (FEA) seems to save more time. The simulation of the fatigue traffic load model based on weigh-in-motion (WIM) measurements is particularly important. In this regard, conventional vehicle models with deterministic parameters have been developed and applied actively to represent actual traffic loading (Chotickai and Bowman, 2006; AASHTO, 2007b) . However, fatigue reliability assessments are sensitive to the uncertainties in the vehicle parameters, including the axle loads, vehicle types, driving speeds and vehicle spacing. Therefore, advanced traffic load models taking into account the uncertainties associated with vehicle parameters have been developed as a new approach for bridge fatigue reliability assessment. Guo et al. (2012) conducted fatigue reliability assessment of a steel bridge under stochastic traffic loads. A learning machine was proposed by Lu et al. (2017a) to make the finite element calculation of stochastic traffic flow more efficient. These studies highlighted the potential capabilities of the stochastic traffic load models in fatigue reliability assessment of existing bridges. However, the dynamic effect was ignored in the above studies, which may underestimate both the stress range and the number of cycles.
In conventional studies, the dynamic effect of traffic loads was considered by a dynamic amplification factor (DAF), which was estimated using a relatively "Good" road roughness condition (RRC) (AASHTO, 2007a; MOCAT, 2015) . However, with the aging of bridges, the RRC deteriorates and results in larger stress ranges. In this regard, Deng and Cai (2010) developed an equivalent DAF for fatigue damage evaluation of bridges based on the AASHTO specifications. Wang et al. (2016a) investigated the DAF and the number of stress cycles for the fatigue design of steel I-girder bridges under traffic loading and environmental conditions (Zhang and Cai, 2012; Wang et al., 2016a) . These developments demonstrated the significance of the dynamic effects of traffic loading on the fatigue damage evaluation. To the best of the author's knowledge, however, investigations of the fatigue reliability assessment of short-span bridges considering the dynamic effect of stochastic traffic loads are relatively insufficient. This paper aims to present a methodology for the fatigue stress spectrum simulation and fatigue reliability assessment of short-span bridges under the dynamic impacts of stochastic traffic loads. The time-consuming computation due to the huge number of stochastic scenarios associated with different vehicle weights is solved by implementing a meta-model. The effectiveness of the proposed approach is demonstrated by a case study of a simply-supported concrete bridge. The influences of the random parameters, including the RRC, the vehicle type and the vehicle speed, on equivalent fatigue stress are analysed.
Formulation of fatigue damage considering vehicle-bridge interaction

Vehicle-bridge interaction
Vehicles moving across a bridge lead to vibrations in the bridge, which affects the movement of vehicles. Therefore, the interaction of the vehicles and the bridge forms a coupled vibration system. In the coupled vehicle-bridge system, the vehicle is conventionally modelled as a mathematical model with multiple stiffness and degrees of freedom (DOF), and the bridge is simulated by model characteristics (Zhang and Cai, 2011) . The two systems are connected based on the contact relationship of the compatibility of deformation.
A vehicle is generally modelled as a system consisting of a vehicle body, vehicle wheels and a suspension system. For demonstration purposes, the physical model of a two-axle vehicle is shown in Figure 1 . The vehicle system is composed of four independent DOFs: the sinking and rotation of the vehicle body and the vertical movement of each pair of wheels. According to the relationship of the interaction force and displacement between the vehicle and the bridge, the equation of motion of the coupled system can be written as follows (Shi et al., 2008) :
where M v , C v and K v are the mass matrix, the damping matrix and the stiffness matrix of the vehicle, respectively; M b , C b and K b are the mass matrix, the damping matrix and the stiffness matrix of the bridge, respectively; d v and d b are the displacement vectors of the vehicle and the bridge, respectively; G V F is the self-weight of the vehicle; C bb , C bv , C vb ,
F and r V F are interaction terms caused by the wheel-road contact forces. The modal superposition method is utilised herein to replace the bridge model. With consideration of the bridge dynamic vibration, the stress vector can be written as follows:
where E is the stress-strain relationship matrix and is assumed to be constant over the element, and B is strain-displacement relationship matrix assembled with x, y and z derivatives of the element shape functions. 
The RRC is a critical factor leading to the vehicle-bridge coupled vibration. The RRC is usually considered as a homogeneous and isotropic random process with a Gaussian distribution. The numeric expression can be written as a power spectral density evaluated based on field measurements. The shape of the power spectra density (PSD) data is independent of the road type and is a function of the root mean square of the road roughness. In the present study, an inverse Fourier transformation and typical PSD are utilised to simulate the RRC. The PSD function is written as (Wang and Huang, 1992) :
where ( ) n  is the PSD function, n is the spatial frequency, n 0 is the discontinuity frequency of 1/2π, and 0 ( ) n  is the coefficient, shown in Table 1 ( ISO-8608, 1995) . Very poor 512×10 -6 ~ 2048×10 -6
Fatigue damage accumulation
The conventional approach for fatigue damage accumulation of bridges under moving vehicle loads is associated with the S-N curves and the Palmgren-Miner damage accumulation. The S-N curves specified in Eurocode3 are utilised in the present study. According to the S-N curves in Eurocode3, S-N curves are written as follows (Standard B, 1993) :
where Δσ R is a stress range, N R is the corresponding number of cycles, Δσ C is the detail category, Δσ D and Δσ L are the constant-amplitude fatigue limit and the fatigue threshold, respectively, and K C and K D are the fatigue strength coefficients when Δσ R ＞Δσ D and when Δσ R ≤Δσ D , respectively. With the S-N curve, the widely used Miner's rule (Miner, 1945) was utilised herein to calculate the fatigue damage of bridges in linear mode.
Since the vehicle-induced fatigue stresses vary in amplitude, an equivalent fatigue stress method is utilised to convert these variant-amplitude stress cycles into a constantamplitude stress cycle. The equivalent formula is written as follows:
where σ re is the equivalent stress range; σ i and σ j are the ith and jth stress ranges that are larger than and less than constant-amplitude fatigue limit, respectively; and N i and N j are the fatigue lives corresponding to σ i and σ j , respectively. It is worth noting that the numerous stress cycles induced by the passage of a vehicle is converted to a single stress cycle.
Owing to the various uncertainties, including the material properties and the stochastic traffic loads, the fatigue damage accumulation of a bridge is a random process. A limit state function (LSF) (Lu et al., 2017a) defining the critical state is written as follows:
where g n (X) is the LSF of bridges in the nth year, D is Miner's critical fatigue damage index, D n (X) is the cumulative fatigue damage in the nth year, w is the distribution coefficient of transverse axle load, N d is the number of daily cycles with respect to Δσ re , and R ADTT is the annual linear growth factor of daily traffic volume. After obtaining the LSF, Monte Carlo simulation (MCS) is utilised herein to calculate the structural fatigue reliability index due to the numerous random variables with different distribution types. Based on the above theoretical methods, the fatigue reliability assessment of bridges accounting for the effects of stochastic truck loads can be implemented.
Proposed frameworks for stress spectrum simulation
With consideration of the dynamic impact of vehicle loads, the stress spectrum simulation is a time-consuming problem due to the time integration of the vibration analysis. Therefore, this study presents an effective approach to simulate the stress spectrum of a short-span bridge utilising a meta-model. A flow chart of the proposed method is shown in Figure 2 . Random parameters related to fatigue stresses should be determined for the subsequent parameter analysis. It is obvious that the traffic volume and the gross vehicle weights (GVWs) have direct relationships with the fatigue stresses and should be reflected in the stochastic traffic loads. In addition, the vehicle configuration has been proved to notably affect the fatigue damage by Zhou (2006) and Chotickai and Bowman (2006) . Therefore, the vehicle configuration is also identified as an important parameter considered in the study. For short-span bridges, both the vehicle speed and the RRC prove to be the essential considerations based on the vehicle-bridge vibration analysis (Zhang and Cai, 2011; Wang et al., 2016b) . In conclusion, the parameter analysis should include the traffic volume, the GVW, the vehicle configuration, the vehicle speed and the RRC. The proposed framework is composed of several kernel procedures described below. Initially, the WIM measurements are filtered for statistical analysis of the traffic parameters. Subsequently, the stochastic traffic loads can be simulated based on a Monte Carlo simulation (MCS) (Shapiro, 2003) . To carry out the vehicle-bridge interaction analysis, bridge mode shapes and frequencies are extracted via the finite element model. With the above two steps, the bridge stress histories are calculated with the consideration of dynamic effects. The rain-flow counting method (Downing and Socie, 1982) and equation (4) are utilised to estimate the equivalent stress ranges. Finally, the relationship between the equivalent stress range and the vehicle load is approximated by a response surface function (Dyn et al., 1990 ). It's worth noting that each vehicle type and each RRC corresponds to a response surface function. Based on the response functions, the fatigue stress of the bridge under a large sample of stochastic traffic loads can be efficiently evaluated.
Then, as the final step, a probability density function (PDF) of the fatigue stress spectrum can be constructed based on the evaluated fatigue stresses. For an accurate simulation of the fatigue stress spectrum, the Gaussian mixture model (GMM) (Rasmussen, 1999 ) is utilised in this study to capture the multi-peak distribution characteristics related to the ever-increasing number of heavy-duty trucks. The GMM is defined as follows:
where n is the number of models; ω k is the weight of the kth Gaussian; p(x/k) is the kth Gaussian probability density, and μ k and σ k are the mean and the variance of the kth Gaussian, respectively. With the acquisition of the value of each variable, the PDF of stress spectrum can be fitted.
4 Fatigue stress spectrum simulation of a simply supported bridge
Prototype bridge and WIM measurements
The WIM measurements in the present study were collected on a highway bridge in China. More details of the measurements can be found in Lu et al. (2017a) and Liu et al. (2015) . Before the statistical analysis, filtering processes were conducted to remove the invalid data. The criteria for identifying invalid data are as follows: (1) the GVW was less than 30 kN; (2) the axle weight was greater than 300 kN or less than 5 kN; (3) the vehicle length was more than 20 m or less than 3 m; or (4) the measuring data were affected by system error. After the filtering processes, the valid data were classified into six categories according to the axle configuration and the proportions of these vehicle types are illustrated in Table 2 . After classifying the vehicle type, the probabilistic characteristics of the GVW and the vehicle speed corresponding to each vehicle type can be captured via the GMM. Taking the 6-axle truck as an example, the PDF of the GVWs and the vehicle speeds are shown in Figure 3 , where w i , μ i and σ i represent the weight, mean value and standard deviation in the GMM, respectively. As observed from Figure 3(a) , there are two peaks in the PDF of the GVW. This phenomenon is mostly the result of truck overloading, as overloaded trucks lead to the second peak. The GMM captures the multi-peak distribution characteristics of the GVWs of trucks. Based on the probability statistics analysis of the vehicle types and the GVWs, the stochastic traffic load model over one hour was simulated utilising the MCS. The probability model of the arrival time difference can be found in Lu et al. (2017a) and Lu et al. (2017b) . Based on the probability model, a Monte Carlo simulation was utilised to generate the arrival time samples. Figure 4 plots the stochastic traffic loads over one hour. The 164 vehicles in Figure 4 represent the vehicles passing in one hour and in the slow traffic lane. Each vehicle is simulated using three parameters, including the vehicle type, the GVW, and the arrival time. Therefore, a total number of 492 Monte Carlo simulations were utilised to simulate the vehicles in Figure 4 . Figure 4 represents only a small sample to show the stochastic traffic flow. In practice, 100-day traffic periods were utilised to evaluate the stress spectrum. The authors have checked the statistics of the vehicles in the 100-day traffic periods, corresponding to approximately 390,000 vehicles, and these vehicles have the same statistics as the WIM data.
Herein, the WIM measurements were utilised to simulate the stochastic traffic loads. It is demonstrated that the WIM measurements are valuable for simulating the stochastic traffic loads, which will be used in the stress spectrum simulation of the bridge.
Stress spectrum simulation based on response surface functions
As the research object of this paper is short-and medium-span bridges, a typical simply supported bridge with a span length of 40 m is selected as the prototype bridge. The cross-sectional dimensions and the physical properties of a T-girder of the bridge are shown in Figure 5 , where H b is the height of the T-girder, A c and A s are the crosssectional areas of the concrete and a critical steel bar, respectively, E is the modulus of elasticity of the steel bar; I is the moment of inertia, and y is the distance between the centroid of the cross-section to the critical steel bar. The mode shapes and mode frequencies were extracted from a 3D finite element model of the bridge based on the design parameters. The first mode shape is the symmetric vertical bending and the corresponding natural frequency is 3.33 Hz. For concrete bridges, the fatigue critical components are usually the longitudinal steel bars at the bottom of the girder section. Based on Eurocode3, the specific type of steel bar is a butted joint, and the corresponding parameters in the S-N curve are shown in Table 3 . The bridge mode shapes and the frequencies were calculated from the finite element model. The calculation of bridge stress histories can be implemented with the small number of load samples and the acquisition of characteristic parameters of the prototype bridge. As described in the introduction, the vehicle-bridge interaction (VBI) should be considered in the simulation of fatigue stress spectra. Therefore, the most related parameter, the RRC, needs to be analysed in the stress calculation. Based on a 6-axle truck with a GVW of 55 t crossing the bridge with a speed of 15 m/s, the dynamic stresses of the bottom steel bar of the middle girder were calculated under "Good" and "Poor" RRCs. The stress histories are shown in Figure 6 , where L v6 is the length of the 6-axle truck, σ re,s is the static equivalent stress range; and the σ re,g and σ re,p are the dynamic equivalent stress ranges for the RRCs of "Good" and "Poor", respectively. The dynamic equivalent stress ranges were calculated based on the equation (6) and Table 3 , and the static result was calculated based on static mechanics. It is obvious that the deterioration of the RRC leads to additional stress cycles. The dynamic equivalent stress range is greater than the static stress range. Compared with the DAF of 1.19 defined in MOCAT (2004) , the DAFs for the dynamic equivalent stress range are 1.12 and 1.28 under the RRCs of "Good" and "Poor", respectively. The stress ranges were converted into fatigue damage according to Miner's rule. The fatigue damage for the "Poor" condition is 1.44 times greater than that of the static result. This phenomenon shows the significance of the RRC effects on the fatigue damage evaluation.
To investigate the effects of the vehicle parameters on the equivalent stress range, a 3-axle truck and a 6-axle truck with GVWs ranging from 20 t to 120 t were assumed to cross the bridge with a constant speed of 15 m/s. The equivalent fatigue stresses of the bottom steel bar under different loads are plotted in Figure 7 . It is observed that the equivalent fatigue stress range generally increases linearly with increases in the GVW for a given vehicle type and RRC. In addition, the vehicle type and the RRC affect the stress range under the same GVW. The passage of a vehicle under the worst RRC leads to the higher stress ranges. These analysis results demonstrate the significance of the fatigue stress calculation that considers the vehicle type. In addition to the vehicle type, the RRC and the GVW, the vehicle driving speed is another critical factor affecting the fatigue stress evaluation. As we know from vehiclebridge interaction theory, vehicles traveling at different speeds will result in different load effects on the bridge. Most importantly, the vehicle driving speed is continuous in nature, and the influence of driving speed on the vehicle load effect is nonlinear and no monotonic. In order to consider the driving speed effect appropriately, this study utilised response functions defined by intervals to approximate the relationship between fatigue stress ranges of the bridge and individual passing vehicles. In this method, the actual vehicle driving speed is simplified as intervals speed for becomingly approximating the response function. For instance, for an interval length of driving speed v int =1, the actual driving speed of 12.5 m/s will be simplified as 12 m/s. Certainly, this simplification will bring errors to the fatigue stress evaluation. In order to estimate the level of the errors, a parametric study was conducted considering v int = 0.1, 1, 5 and 10 m/s. Suppose a 6-axle truck with a GVW of 50 t drives over the bridge with a "Good" RRC at different intervals of driving speeds. The equivalent stress range versus the driving speed is shown in Figure 8 . The effects of the number of intervals and the corresponding root mean square errors (RMSEs) are summarised in Table 4 . The vehicle speed of 1 m/s was selected as the optimal value for subsequent analysis. 
Table 4
Influence of the number of intervals on the accuracy of the stress range The results indicate that, considering other related parameters, including the vehicle type, the RRC and the vehicle speed contributes to a more accurate fatigue stress simulation for short-to medium-span bridges. To take these factors into account, the response function of a 6-axle truck with a GVW of 10 t and an interval of driving speed v int = 1 m/s is plotted in Figure 9 . As shown in Figure 9 , the equivalent stress range increases linearly with increases in the GVW, and the non-monotonic effect of the vehicle speed on the stress range is well simulated via the linear response functions defined by intervals. In the same way, the response surfaces of fatigue stress ranges corresponding to the different vehicle types and RRCs were estimated for the subsequent stress spectrum simulation. With the response surface of the fatigue stress ranges obtained via the small number of vehicle samples and the large samples of stochastic traffic loads, a histogram of the stress ranges of the 100-day stochastic traffic loads was generated and fitted by the GMM, as shown in Figure 10 , where w, u and σ represent the weight, the mean value and the standard deviation in the GMM, respectively. As shown in Figure 10 , the multi-peak distribution of the stress spectra due to overloaded trucks was well captured by the GMM curves, in accordance with the distribution of the GVWs shown in Figure 3(a) . The PDF of these stress spectra verifies the applicability and feasibility of the proposed framework and provides a good foundation for the subsequent fatigue reliability assessment. 
Fatigue reliability assessment
The proposed LSF in equation (7) was utilised to evaluate the fatigue reliability of bridges. Five random variables were considered to form the function, including the critical fatigue damage DΔ, the fatigue strength coefficient K D , the distribution coefficient of transverse axle loads w, the stress range σ re and the number of stress cycles N d . According to previous studies and the statistical data, DΔ is assumed to follow a lognormal distribution with a mean value and a standard deviation of 1 and 0.3, respectively (Wirsching, 1984) ; K D is assumed to follow a lognormal distribution with a mean value and a standard deviation of 1.64×10 14 and 0.56×10 13 , respectively; w is assumed to follow a normal distribution with a mean value and a standard deviation of 0.78 and 0.078, respectively (Lu et al., 2017a) ; and the probability models of σ re and N d can be constructed based on Figure 10 and the daily traffic volume recorded in the WIM system, respectively.
With the statistics on the random variables and the LSF, an MCS was used to estimate the fatigue reliability index. To investigate the dynamic effects of the VBI under various RRCs on the fatigue reliability, the fatigue reliability indexes of the bridge during a 100-year period were evaluated under "Very good", "Good", "Average", "Poor" and "Very poor" RRCs, as shown in Figure 11 . It is observed that the RRC deterioration leads to a distinct decrease in the reliability index. As the RRC deteriorates from "Very good" to "Very poor", the reliability index decreases from 2.98 to 2.54 in the 100th year. This phenomenon can be explained by the dynamic effects of moving vehicles on the short-span bridges, as shown in Figure 6 , where a worse RRC results in more stress cycles and higher stress ranges. Therefore, the RRC deterioration has a considerable influence on the fatigue reliability. This characteristic has been captured by the proposed computational framework.
Under the combined action of traffic loading and environmental corrosion, the road surface will experience progressive deterioration. Initially, Paterson (1986) 
where, y is the coefficient of the RRC as shown in Table 1 , and T is the service time of the bridge. The rapid deterioration of the RRC further verifies the necessity of considering the coupled vehicle-bridge vibration in fatigue reliability evaluations. Consider two schemes in which the bridge decking system is changed at 10-year and 20-year intervals. The road roughness coefficient was taken as a constant for each RRC. Based on the deterioration curve and the two repair schemes of the bridge decking system, the fatigue reliability of the bridge was re-evaluated as shown in Figure 12 . It is observed from Figure 12 that the fatigue reliability index of the bridge decreases with the increase in the replacement interval of the bridge decking system. In detail, the reliability indices in the 100-year lifetime are 2.84 and 2.70 for the 10-year interval and the 20-year interval schemes, respectively. It is demonstrated that a reasonable repair scheme for the bridge decking system will increase the fatigue reliability of the bridge.
In addition to the RRC deterioration, the bridge also suffers from the changes in the traffic patterns, including increases in traffic volume and GVW, as well as changes in traffic management, over the lifetime of the bridge. It was reported that the traffic growth percentage in European countries was approximately 2% during 2003 to 2008. Therefore, the remainder of this study focuses on investigating the influence of traffic growth and overload control measures on the fatigue reliability of the bridge.
Supposing the R ADTT of the current traffic volume was 1%, 2% and 3%, the fatigue reliability indices were re-evaluated under the "Good" RRC, as shown in Figure 13 . It is observed that traffic growth results in a larger difference in the reliability index over the service period. For the design service period T=100 years, the reliability indices are 2.88, 2.68, 2.47 and 2.32 for R ADTT values of 0, 1%, 2% and 3%, respectively. For the target reliability index β traget =2.0, the fatigue lifespans of the bridge are 320, 177, 138, 121 years, respectively. 
=3%
Truck overloading is another factor leading to high stress ranges in the stress spectrum. In practice, the maximum overload percentage of the overloaded trucks recorded in the WIM is close to 200%, and the proportion of the overload trucks is more than a half, as observed in Figure 4 . Therefore, the influence of the overload control measures on the fatigue reliability should be investigated. Based on the simulation process of the stress spectrum shown in Figure 10 , the fatigue reliability of the bridge was evaluated based on the conditions of RRC=Good and R ADTT =3%. The lifetime fatigue reliability accounting for traffic management is shown in Figure 14 , where R o = [(the actual weights -the specified weights)/ the specified weights]. The specified weights are 20 t, 30 t, 40 t, 50 t and 55 t corresponding to V2-V6 trucks, respectively, according to the MOCAT (2004) in China. 
=50%
As observed from Figure 14 , the fatigue reliability increases under a more rigorous overload control measures. When the R o was assumed to be 100% and 50%, respectively, the fatigue reliability index of the bridge in lifetime increases from 2.32 to 2.45 and to 2.62, respectively. Furthermore, for the objective reliability index value β =2.0, the fatigue life of the bridge increase from 121 to 158 and to 210 years, respectively. The numerical results provide an effective database with which to evaluate the fatigue reliability and to predict the fatigue life of a bridge subject to varying traffic loads. Based on the results, the assessment can be performed by bridge and traffic managers to ensure the fatigue safety of existing bridges.
Conclusions
A framework to estimate the fatigue reliability of short-to medium-span bridges subject to dynamic and stochastic traffic loads was presented in this study. The consideration of the dynamic amplification effect induced by the coupled vehicle-bridge vibration contributes to an accurate model for stress analysis, and stochastic traffic loads based on GVW, vehicle type and vehicle speed provide more realistic loading conditions. The response function defined by intervals was utilised to make the stress spectrum simulation more effective. The conclusions are summarised as follows:
1 Under a "Poor" RRC, the estimated fatigue damage is 44% greater in the model that accounts for coupled the vehicle-bridge vibration than in the one based on relevant specifications. Therefore, an actual RRC is necessary to implement the VBI (vehiclebridge interaction) analysis for an accurate evaluation of the vehicle-induced fatigue damage in short-to medium-span bridges.
2 The response function simulated via a small number of vehicle samples is efficient for fatigue stress calculation. This method is accurate because the non-monotonic effect of vehicle speed on fatigue stress simulation has been involved. The vehicle speed defined by intervals is adaptable, and 1 m/s is recommended in this study for choosing training samples.
3 Both the RRC deterioration and the traffic growth result in a rapid decrease in fatigue reliability, and the RRC deteriorates relatively rapidly over the bridge lifetime of the bridge. Therefore, appropriate traffic control measures and reasonable maintenance intervals are essential to minimise the fatigue damage.
4 The bimodal characteristics of the fatigue stress spectrum are mainly caused by truck overloading. Appropriate overload control measures have a considerable influence on prolonging the fatigue life.
Further developments could improve the presented framework in the following respects.
The numerical results could be compared to measured stress data. The consideration of the phenomenon of multiple vehicles passing the bridge simultaneously could contribute to a more realistic loading environment. The growth model the traffic volume deserves further analysis based on the hysteretic WIM measurements. In addition, the influences of concrete cracking and reinforcement corrosion on fatigue damage should be considered in future studies.
